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Mediator is a large multiprotein complex conserved in all eukaryotes. The crucial function of Mediator in 
transcription is now largely established. However, we found that this complex also plays an important role by 
connecting transcription with DNA repair. We identified a functional contact between the Med 17 Mediator 
subunit and Rad2/XPG, the 3' endonuclease involved in nucleotide excision DNA repair. Genome-wide location 
analyses revealed that Rad2 is associated with RNA polymerase II (Pol II)- and Pol Ill-transcribed genes and 
telomeric regions in the absence of exogenous genotoxic stress. Rad2 occupancy of Pol II-transcribed genes is 
transcription-dependent. Genome-wide Rad2 occupancy of class II gene promoters is well correlated with that of 
Mediator. Furthermore, UV sensitivity of rnedU mutants is correlated with reduced Rad2 occupancy of class II 
genes and concomitant decrease of Mediator interaction with Rad2 protein. Our results suggest that Mediator is 
involved in DNA repair by facilitating Rad2 recruitment to transcribed genes. 
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Mediator of transcription regulation is a large multi- 
protein complex conserved in all eukaryotes. It interacts 
with RNA polymerase II (Pol II) to transmit signals from 
specific regulators to the Pol II transcription machinery. 
Together with the general transcription factors (GTFs ; 
TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH), this coac- 
tivator stimulates the assembly of the preinitiation 
complex (PIC) and, ultimately, transcription initiation 
(Kornberg 2005; Ries and Meisterernst 201 1). Mediator is 
generally required at Pol II-transcribed gene promoters for 
regulated transcription (Holstege et al. 1998; Andrau et al. 
2006; Zhu et al. 2006). As expected given its central role 
in transcription activation, it has been implicated in 
numerous developmental processes. Mutations that affect 
Mediator subunits lead to a number of human patholo- 
gies (Risheg et al. 2007; Schwartz et al. 2007). Recently, 
mutations in the Med 17 Mediator subunit have been 
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associated with infantile cerebral atrophy (Kaufmann 
et al. 2010), and a mutation in the Med23 subunit 
cosegregated with intellectual disability (Hashimoto 
et al. 2011). Since oncogenesis results from gene dis- 
regulation, it is not unexpected that Mediator is in- 
volved in several cancers (Zhang et al. 2005; Vijayvargia 
et al. 2007; Firestein et al. 2008; Gade et al. 2009; Li et al. 
2010; Kuuselo et al. 2011). Mediator has at least 25 
subunits organized into four modules: head, middle, tail, 
and Cdk8 kinase modules. The complete crystallographic 
structure of the Mediator complex has not been de- 
termined. However, recent structural data have been 
obtained for the Mediator head module (Lariviere et al. 
2012; Robinson et al. 2012). Mediator subunits are engaged 
in numerous contacts within the complex (Guglielmi et al. 
2004) and probably with partners belonging to other 
components of the transcription machinery. For example, 
a cooperation of Mediator with TFIID has been reported in 
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yeast and humans (Johnson et al. 2002; Lariviere et al. 
2006; Cai et al. 2010; Takahashi et al. 2011). Recently, we 
identified a direct interaction between the Medl7 Media- 
tor subunit and the Rpb3 Pol II subunit required for global 
Pol II transcription in vivo (Soutourina et al. 2011). Pre- 
viously, we showed that a direct contact between the 
Medl 1 subunit of Mediator and the Rad3 subunit of TFIIH 
is essential for the recruitment of the GTF to the PIC 
independently of Pol II (Esnault et al. 2008). In addition to 
the crucial role of Mediator as a link between activators 
and the basal transcription machinery, recent studies 
suggest broader Mediator transcriptional functions, nota- 
bly in the post-recruitment steps of transcription (Wang 
et al. 2005; Takahashi et al. 2011) and in DNA looping 
between the enhancers and promoters through a functional 
connection with cohesin (Kagey et al. 2010). 

Transcription is coupled with DNA repair, ensuring the 
continuity of Pol II progression. DNA lesions impede the 
elongating transcription machinery and can potentially 
affect gene expression, leading to problems in develop- 
ment, cell growth, and survival. Proteins first identified 
as components of transcription or DNA repair machin- 
eries may be involved in both processes, operating beyond 
their initially described pathway. The TFIIH complex is 
the best-characterized dual factor, playing an essential 
role in Pol II transcription as a GTF and in nucleotide 
excision DNA repair (NER) (Compe and Egly 2012). NER 
is a major and evolutionarily conserved DNA repair 
pathway that removes DNA lesions such as cyclobutane 
pyrimidine dimers (CPD), the most abundant photoprod- 
uct arising upon UV irradiation. During NER, >30 pro- 
teins cooperate to recognize, incise, and excise a dam- 
aged oligonucleotide from the genomic DNA to protect 
the cell from the deleterious effects of DNA damages 
(Lagerwerf et al. 2011). There are two distinct NER path- 
ways: global genome repair (GGR), which removes DNA 
lesions in the genome overall, and transcription-coupled 
repair (TCR), which removes DNA lesions that interfere 
with the progression of RNA polymerase through ac- 
tively transcribed genes (Svejstrup 2002, 2007; Hanawalt 
and Spivak 2008). A single irreversibly stalled Pol II in 
an essential gene could be enough to lead to cell death. 
This situation explains why a large number of mecha- 
nisms and factors have evolved to protect the cell from 
stalled Pol II. While the NER reaction and the compo- 
nents required for efficient DNA lesion recognition and 
repair are fairly well understood, many questions on the 
active coupling of DNA repair with transcription remain 
unanswered. 

Recent reports suggest that an interplay between 
transcription and DNA repair is likely to be more 
complex than previously thought. PAF and Ccr4-Not 
complexes, known for their role in transcription, have 
been proposed to be required for efficient TCR in yeast 
(Gaillard et al. 2009). In addition to TFIIH, other NER 
factors have been suggested to play a dual role in DNA 
repair and transcription. Rad2/XPG, the 3' endonuclease 
implicated in NER, is one of such factor. Mutations in the 
human XPG gene give rise to a xeroderma pigmentosum 
(XP) sometimes associated with Cockayne syndrome (CS) 



(Clarkson 2003; Scharer 2008). Rad2/XPG, together with 
the Radl-RadlO/XPF-ERCCl 5' endonuclease, cleaves 
the damaged DNA strand in both NER pathways, GGR 
and TCR, resulting in the release of a DNA fragment 
containing the DNA lesion. Moreover, a specific non- 
enzymatic function of XPG in recognition of stalled 
transcription in TCR initiation has been also proposed 
(Sarker et al. 2005). In addition, a transcriptional role for 
the NER factor Rad2/XPG has been suggested in the yeast 
Saccharomyces cerevisiae (Lee et al. 2002). In humans, 
mutations in XPG result in impaired transactivation (Ito 
et al. 2007), and XPG binds to the promoters and distal 
regions of several nuclear receptor (NR)-dependent genes 
in the absence of any geno toxic stress (Le May et al. 2010). 
Recently, XPG and XPF endonucleases have been found 
to be involved in chromatin looping between the pro- 
moter and the terminator of the activated RAR(B2 human 
gene (Le May et al. 2012). 

In this study, we identified a functionally important 
interaction between the essential Medl 7 Mediator subunit 
and the Rad2/XPG DNA repair protein, suggesting a func- 
tional link between Mediator of transcription regulation 
and DNA repair. Genome-wide location analyses revealed 
that Rad2 was associated with Pol II-transcribed genes but 
also with Pol Ill-transcribed genes and telomeric regions in 
the absence of exogenous genotoxic stress. We showed that 
Rad2 occupancy of Pol II-transcribed genes was transcrip- 
tion-dependent. Moreover, Rad2 occupancy of class II gene 
promoters was highly correlated with that of Mediator. 
Several Mediator medU mutants were UV-sensitive in 
a GGR-deficient background, and their UV sensitivity was 
correlated with reduced Rad2 occupancy of class II genes 
and a concomitant decrease of the interaction between 
Mediator and Rad2 protein. We thus uncovered a previously 
unsuspected role of Mediator in DNA repair via Rad2/XPG 
recruitment. 

Results 

Physical interaction between the Medl 7 Mediator 
subunit and the Rad2/XPG protein 

Previously, we characterized Mediator complex organi- 
zation by screening the Mediator subunits with a yeast 
genomic library in a two -hybrid system. Protein-protein 
interactions within the Mediator complex have been 
published (Guglielmi et al. 2004). Many interactions that 
we uncovered in the screen were confirmed crystallo- 
graphically and served as a basis for other Mediator studies 
(for example, Lariviere et al. 2012; Robinson et al. 2012). In 
addition, our two-hybrid screening revealed a large num- 
ber of interactions between S. cerevisiae Mediator and 
other nuclear proteins (B Guglielmi, NL van Berkum, C 
Boschiero, FCP Holstege, and M Werner, unpubl.). One 
particularly interesting interaction is the contact between 
the Med 17 Mediator head module subunit and the Rad2 
endonuclease, the yeast homolog of human XPG protein 
involved in DNA repair. Medl 7 fused to the Gal4 DNA- 
binding domain interacted in the two -hybrid assay with 
the Rad2 fragment (549-857) fused to the Gal4 activation 
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domain (Fig. 1 A). The contact between Mediator and Rad2 
was confirmed by coimmunoprecipitation (co-IP) experi- 
ments with crude extracts of a yeast strain expressing 
Medl7-Myc and HA-Rad2 from their native promoters 
(Fig. IB; Supplemental Fig. SI). Our results show that 
Mediator coimmunoprecipitates with Rad2 in crude ex- 
tracts and vice versa. Rad2 was detected by Western 
blotting when Medl7-Myc was used to immunoprecipitate 
Mediator complex, and the Medl7-Myc Mediator subunit 
was coimmunoprecipitated when Rad2 was immunopre- 
cipitated via the HA tag. 

Pol II is the main component of the transcription 
machinery and the first complex in TCR that recognizes 
the DNA damage (Svejstrup 2002, 2007; Hanawalt and 
Spivak 2008). The XPG protein was reported to coimmu- 
noprecipitate with Pol II in crude extracts from undam- 
aged HeLa cells (Sarker et al. 2005). In line with these 
results, our co-IP experiments also indicated that Rad2 
coimmunoprecipitated with Pol II in yeast crude extracts 
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Figure 1. The Med 17 Mediator subunit interacts with the 
Rad2/XPG DNA repair protein. [A) Two-hybrid interaction 
between the Medl7 Mediator subunit and Rad2. Two-hybrid 
assays were performed in the Y190 strain, and the activation of 
the lacZ or HIS3 reporters was tested using an X-Gal overlay 
plate assay or 3AT plate assay (Werner et al. 1993). Medl7 was 
fused to the Gal4 DNA-binding domain (G DB -Medl7), and the 
Rad2-(549-857) fragment was fused to the Gal4 activation 
domain [GAD-Rad2-(549-857)]. (B) Co-IP of Mediator and Rad2. 
Mediator was immunoprecipitated through the Medl7-Myc 
subunit with a-Myc antibody from crude yeast extracts (Input; 
light panel) and analyzed by Western blotting with a-HA 
antibody (co-IP) against Rad2 [left panel). [Middle panel) Vice 
versa, Rad2 was immunoprecipitated with a-HA antibody from 
crude extracts and analyzed by Western blotting with a-Myc 
antibody (co-IP) against Medl7. (IgG) Control immunoprecipita- 
tion with IgG magnetic beads only (C) Co-IP of Rad2 and Pol II. 
Rad2 was immunoprecipitated with a-HA antibody from crude 
extracts (Input). Coimmunoprecipitated Pol II was detected by 
Western blotting with a-Rpbl antibody (co-IP). (IgG) Control 
immunoprecipitation with IgG magnetic beads only. 



(Fig. 1C). Coimmunoprecipitated Pol II forms phosphor- 
ylated on Ser5 and Ser2 of the Rpbl C-terminal repeat 
domain (CTD) were also detected by Western blotting 
(data not shown). 

Genome-wide location analysis of Rad2 

Recently, an association of XPG, the human homolog of 
Rad2, with several NR-dependent genes was shown in the 
absence of genotoxic stress (Le May et al. 2010, 2012). 
However, to date, no genomic data are available on the 
Rad2/XPG occupancy in humans or yeast. To determine 
the targets of Rad2 in the yeast genome in the absence of 
exogenous genotoxic stress, we performed Rad2 chroma- 
tin immunoprecipitation (ChlP)-chip experiments. Two 
yeast strains carrying N-terminal or C-terminal HA- 
tagged version of Rad2 were constructed and used in 
conventional ChIP experiments. No increase in the UV 
sensitivity of these strains was observed, suggesting that 
both tagged versions of Rad2 were functional (data not 
shown). We found that N-terminally and C-terminally 
tagged Rad2 were significantly enriched inside three 
constitutively expressed Pol II-transcribed genes tested: 
ADH1, PYK1, and PMA1 (Supplemental Fig. S2A). The 
strain carrying an N-terminal tagged version of Rad2 was 
used for ChlP-chip analysis, since the ChIP signal to 
noise ratios were higher. We found 2471 oligonucleotides 
significantly bound by Rad2 (P-value < 0.005; out of 
40,000 oligonucleotide probes present on the DNA arrays). 
The genomic profile of Rad2 occupancy was complex, 
spanning from Pol II-transcribed genes (promoter and 
transcribed regions) to, unexpectedly, Pol Ill-transcribed 
genes and telomeric/subtelomeric regions. Examples of 
Rad2 ChlP-chip enrichment profiles illustrate these dif- 
ferent genomic region categories (Fig. 2A-C). 

To gain in resolution and determine precisely the yeast 
genomic regions enriched by Rad2 protein, we performed 
ChlP-seq experiments. In agreement with our Rad2 
ChlP-chip results, we confirmed the presence of this 
protein inside and on the promoter regions of Pol II- 
transcribed genes as well as on Pol Ill-transcribed genes. 
Telomeric regions are highly repetitive and therefore are 
poorly represented in ChlP-seq analysis. We identified 
2600 significantly enriched Rad2 peaks using MACS2 
peak calling software,- 1203 of these peaks were located on 
promoter regions of Pol II-transcribed genes, 33 were on 
snRNA genes, and 268 were on Pol Ill-transcribed genes. 
This bioinformatics tool, MACS2, also allowed us to 
identify some Rad2 enrichment peaks inside the transcribed 
regions of class II genes but was not particularly adapted for 
detection of large Rad2 distributions in these regions, 
missing many Rad2-enriched ORFs. To identify precisely 
the Rad2 enrichment signals inside ORFs and thus com- 
plete the Rad2 ChlP-seq distribution analysis, we compared 
Rad2 mean densities for each ORF with density distribu- 
tions of two negative controls: untagged strain and input 
DNA samples. We observed that 818 regions inside the 
protein-coding genes were significantly enriched by Rad2. 

The results obtained by our genome-wide analyses 
were confirmed by conventional ChIP on a set of selected 



GENES & DEVELOPMENT 2551 



Eyboulet et al. 



Pol II - transcribed genes 



B 



Telomeric regions 



Pol III - transcribed genes 



<= 14 l Rad2 ChlP-chip 

E12 




' 159000 160500 162000 163500 

Chromosome 15 coordinates, bp 



I 10 ] Rad2 ChlP-chip 

E 



c 10 



ADH1 



229000 229400 229800 230200 

Chromosome 1 coordinates, bp 
TEL1R 



Rad2 ChlP-chip 




571000 572500 574000 

Chromosome 16 coordinates, bp 
tG(GCC) P1 HAA 1 

SP069 



Pol II - transcribed genes 



480,000 482,000 484,000 432,000 434,000 466,000 468,000 470,000 662,000 664,000 
ChrVlhi | | ChrXVI:i |_ ChrJVu | |_ ChrlVj | 



Input control 



TFIIH (Kin28) 



TFIIH (Rad3) 



TBP _^ 



Pol I 



Mediator (Med17) 
Mediator (Med15) 
Rad2 




PMA1 



ALD6 



i 
i 



^ 



SNQ2 



CLN1 



Figure 2. Genome-wide analysis of Rad2, Mediator, Pol II, TBP, and TFIIH. (A-C) Examples of Rad2 ChlP-chip enrichment profiles on 
Pol II-transcribed genes (A), on a telomeric region [B], and on a Pol Ill-transcribed gene (C). Rad2 enrichment profiles were assessed from 
ChlP-chip experiments with HA-Rad2 strain grown at 30°C in YPD medium. Watson strand-transcribed genes are colored in blue, and 
Crick strand-transcribed genes are colored in green. The genomic positions of probe regions on corresponding chromosomes are 
indicated along the X-axis. The enrichment ratio is indicated along the Y-axis. (D) Examples of Rad2, Mediator, Pol II, TBP, and TFIIH 
ChlP-seq enrichment profiles on selected Pol II-transcribed genes. Densities of sequence tags were assessed from ChlP-seq experiments 
performed with HA-Rad2-tagged, Medl5-HA-tagged (Mediator), Medl7-HA-tagged (Mediator), HA-TBP-tagged, Rad3-HA-tagged (core 
TFIIH), and Kin28 -HA- tagged (TFIIH kinase module) strains with a-HA antibody. Pol II was immunoprecipitated using a-Rpbl 
antibody. ChlP-seq density profiles are displayed using IGB yeast genome browser. Watson strand-transcribed genes are colored in blue, 
and Crick strand-transcribed genes are colored in green. Input DNA and DNA from ChIP with an untagged strain were used as negative 
controls. Densities of sequence tags were displayed after subtraction of normalized control of untagged strain as described in the 
Materials and Methods. 



regions representing the categories of Rad2 genomic 
targets that we identified. Supplemental Figure S2B illus- 
trates significant enrichment of Rad2 on several promoter 
and transcribed regions of selected class II genes com- 
pared with background levels measured on the coding 
region of the nontranscribed GAL1 gene. All selected Pol 



Ill-transcribed genes displayed significant Rad2 enrich- 
ment (Supplemental Fig. S2C). The spatial Rad2 distribu- 
tion on the longest class III gene, SCR1, was similar to 
that of Pol III (Supplemental Fig. S2D ; Ghavi-Helm et al. 
2008). We also confirmed the presence of Rad2 on 
telomeric regions (Supplemental Fig. S2E). In addition, 
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a significant Rad2 enrichment was detected on the Pol I- 
transcribed 35S rDNA region compared with the inter- 
genic NTS2 region (Supplemental Fig. S2F). Taken 
together, these results indicated a complex Rad2 dis- 
tribution on the yeast genome in the absence of exoge- 
nous genotoxic stress, spanning the genes of all three 
transcription classes and telomeric/subtelomeric regions. 
For further study, we focused particularly on Pol II- 
transcribed genes. 

Genome-wide Rad2 occupancy correlates 
with Mediator occupancy on promoter regions 
of Pol II-transcribed genes 

To compare Rad2 ChlP-seq profiles with those of Medi- 
ator, Pol II, and GTFs, we performed ChlP-seq experi- 
ments for Mediator (Medl5 and Medl7 subunits), Pol II, 
and GTFs (TBP and two TFIIH subunits: the Rad3/XPD 
subunit of core TFIIH and the Kin28/Cdk7 kinase subunit 
of TFIIK). Input DNA and DNA from ChIP with an un- 
tagged strain were used as negative controls. Figure 2D 
and Supplemental Figure S3 show examples of ChlP-seq 
density distributions using the Integrated Genome 
Browser (IGB) for all of the proteins on selected class II 
(Fig. 2D) or class III (Supplemental Fig. S3) genes. Tran- 
scription by all three RNA polymerases requires TBP 
protein. As expected, density peaks of this protein were 
also detected on the Pol Ill-transcribed genes. These TBP 
peaks on class III genes coincided with Rad2 peaks 
(Supplemental Fig. S3). On the selected promoter regions 
of Pol II-transcribed genes, there was a particular corre- 
lation between Rad2 and Mediator for the location and 
intensity of peaks (Fig. 2D). Furthermore, genome-wide 
Mediator and Rad2 occupancies were well correlated. 
Rad2 and Mediator ChlP-seq densities (25-base-pair [bp] 
bin) on the yeast genome were computed and compared 
(Fig. 3 A; Supplemental Fig. S4A). As expected, the Rad2 
enrichment of several genomic categories, including class 
II promoter and transcribed regions, made the correlation 
between Rad2 and Mediator densities complex. Consid- 
ering only class II gene promoter regions, regression 
analysis showed a linear correlation with a correlation 
coefficient of 0.75 for the Medl5 Mediator subunit (Fig. 
3B) or 0.73 for the Medl7 Mediator subunit (Supplemen- 
tal Fig. S4B). Intergenic regions encompassing Pol Ill- 
transcribed genes were excluded from this analysis. The 
global correlation between Rad2 and Mediator occupan- 
cies on promoter regions is consistent with a functional 
link between Rad2 and the Mediator complex. We deter- 
mined whether Rad2 association with Pol II-transcribed 
regions was correlated with Pol II occupancy (Fig. 3C). 
Considering only Pol II-transcribed regions inside ORFs, 
encompassing most of the yeast Pol II ChIP signals, no 
strong correlation could be observed between Rad2 and 
Pol II ChlP-seq densities (Fig. 3D). Regression analysis 
showed a lower correlation coefficient of 0.54. In com- 
parison, regression analysis indicated, as expected, a lin- 
ear correlation between two subunits of the Mediator 
complex (Medl5 and Medl 7) or TFIIH complex (Rad3 and 
Kin28), with a high correlation coefficient of 0.89 (Sup- 



plemental Fig. S4C,D) or 0.88 (Supplemental Fig. S5A,B), 
respectively, and between TBP and Rad3 or Kin28 TFIIH 
subunits with a high correlation coefficient of 0.75 or 
0.81, respectively (Fig. 3E). Pairwise correlations between 
ChlP-seq densities of Rad2, Mediator, Kin28, Rad3, and 
TBP showed that the strongest correlation for Rad2 protein 
occupancy on promoter regions was with Mediator (Fig. 
3E). On the other hand, no strong correlation was observed 
between Rad2 and Kin28 ChlP-seq occupancies, with 
a correlation coefficient of 0.53 (Supplemental Fig. S5C,D). 

The location of Rad2 peaks on the promoter regions of 
Pol II-transcribed genes was compared with those of 
Mediator and GTFs. Mean ChlP-seq read densities were 
calculated for each protein on promoter regions of Pol 
II-transcribed genes centered on Mediator enrichment 
peaks (Fig. 3F). To consider only Pol II-transcribed gene 
promoters, intergenic regions encompassing Pol Ill-tran- 
scribed genes were excluded. These analyses showed that 
Rad2 peak distribution coincides with that of Mediator 
(Medl5 and Medl 7 subunits) but not with those of TFIIH 
core (Rad3) or kinase (Kin28) modules. Taken together, our 
results revealed that genome-wide Rad2 occupancy was 
highly correlated with that of Mediator on promoter regions 
of Pol II-transcribed genes and that Rad2 enrichment distri- 
bution in these regions superposed with that of Mediator. 

Rad2 occupancy on Pol II-transcribed genes 
is transcription-dependent 

An essential question arising from Rad2 recruitment in 
the absence of exogenous genotoxic stress is whether 
Rad2 occupancy on class II genes depends on Pol II 
transcription. To address this question, we examined 
Rad2 occupancy on the GAL1 gene by ChIP experiments 
upon galactose induction. When yeast cells were grown in 
raffinose-supplemented medium, Rad2 was absent from 
the GAL1 promoter and ORF (Fig. 4A). After 60 min of 
galactose induction, Rad2 was recruited to the promoter 
and transcribed region of the GAL1 gene. The constitutively 
expressed ADH1 gene was always bound by the Rad2 
protein. As expected, the GAL1 mRNA level was highly 
induced after galactose induction, while the ADH1 mRNA 
level was comparable in raffinose- and galactose-supple- 
mented medium (Fig. 4B). These results indicated that Rad2 
recruitment to GAL1 gene was transcription-dependent. 

To address more generally the question of the tran- 
scriptional dependency of Rad2 occupancy on Pol II- 
transcribed genes, we used a Pol II mutant, rpbl-1, that 
rapidly stops transcription after a shift to nonpermissive 
temperature (Nonet et al. 1987). When cells were in- 
cubated for 90 min at 37°C, as expected, Pol II occupancy 
on Pol II-transcribed genes was strongly reduced in the 
rpbl-1 mutant compared with the wild-type strain (Fig. 
4C), whereas Pol III occupancy on tested class III genes 
remained unchanged (Fig. 4D). We also checked that, as 
expected, RNA levels were strongly decreased in the 
rpbl-1 mutant for class II genes (Fig. 4E) but not class III 
genes (Fig. 4F). Rad2 occupancy on Pol II-transcribed 
genes followed that of Pol II and was also greatly reduced 
after incubation at 37°C (Fig. 4G; Supplemental S6A,B). 
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Figure 3. Correlation of Rad2 ChlP-seq density 
with those of Mediator and Pol II. [A) Rad2 ChlP- 
seq density versus Mediator (Medl5 subunit) 
ChlP-seq density on total yeast genome. Density 
of sequence tags in Mediator and Rad2 ChlP-seq 
experiments has been calculated for each 25 -bp 
bin of yeast genome. Each point on the plot 
corresponds to one genomic bin. The genomic 
bins located inside ORFs or class II promoter 
regions are indicated in green and blue, respec- 
tively. Pol Ill-transcribed genes were excluded 
from this analysis. (B) Rad2 ChlP-seq density 
versus Mediator (Med 15 subunit) ChlP-seq den- 
sity on class II promoter regions. The density of 
sequence tags in Mediator and Rad2 ChlP-seq 
experiments has been calculated for promoter 
region of each Pol II-transcribed gene. Each point 
on the plot corresponds to one promoter region. 
Promoter regions correspond to intergenic regions 
for Pol II-transcribed genes in tandem or in di- 
vergent orientation, excluding intergenic regions 
encompassing Pol Ill-transcribed genes. A linear 
regression for Rad2 ChlP-seq density versus Me- 
diator ChlP-seq density (red line) and a R 2 corre- 
lation coefficient are indicated. (C) Rad2 ChlP-seq 
density versus Pol II ChlP-seq density on total 
yeast genome, as described in A. (D) Rad2 ChlP- 
seq density versus Pol II ChlP-seq density inside 
ORFs. The density of sequence tags in Rad2 and 
Pol II ChlP-seq experiments has been calculated 
for each ORF. Each point on the plot corresponds 
to one ORF. A linear regression for Rad2 ChlP-seq 
density versus Pol II ChlP-seq density (red line) 
and a R 2 correlation coefficient are indicated. (E) 
Pairwise correlation coefficients between ChlP- 
seq densities of Rad2, Medl5 (Mediator), Medl7 
(Mediator), Rad3 (TFIIH core module), Kin28 
(TFIIH kinase module), and TBP on promoter 
regions. R 2 correlation coefficients for each pair- 
wise combination are shown. A correlation co- 
efficient for Mediator versus Rad2 is highlighted 
in red, and pairwise correlation coefficients for 
different GTF (Rad3, Kin28, and TBP) or Mediator 
subunit combinations (Med 15 and Med 17) are 
shown in blue. [F) Distribution of Mediator, 
Rad2, and TFIIH ChlP-seq densities on Pol II-transcribed gene promoters. Tag densities are shown relative to the localization of the 
maximum of Mediator enrichment peaks. Intergenic regions encompassing Pol III- transcribed genes were excluded. The tag density 
was determined for each protein in a 1000-bp window centered on the maximum of Mediator enrichment peaks per each nucleotide 
position. Mean tag density was then calculated and plotted over the window. 
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Rad2 occupancy decrease was observed for Pol II-tran- 
scribed gene promoters and ORFs. This decrease of Rad2 
occupancy was not related to Mediator occupancy, since 
it did not change in the rpbl-1 mutant (Supplemental Fig. 
S6C-E). Conversely, Rad2 occupancy on class III genes or 
telomeric regions remained unchanged under the same 
conditions (Fig. 4G). Thus, the presence of Rad2 on class II 
genes is specifically dependent on Pol II transcription. 

UV irradiation sensitivity is the only observed 
phenotype of rad2 deletion 

One hypothesis for the functional interplay between 
Mediator and Rad2 consists of a possible implication of 



Rad2/XPG in transcription, since such a role has been 
previously suggested (Lee et al. 2002; Le May et al. 2010, 
2012). In S. cerevisiae, the RAD2 gene is not essential for 
viability. We started by examining whether, under stan- 
dard growth conditions (rich glucose medium, YPD), any 
effect of rad2 deletion on Mediator or Pol II occupancy 
could be identified. We did not observe any difference 
between Mediator occupancy of the rad2A strain compared 
with the wild-type strain on constitutively expressed gene 
promoters (Fig. 5A ; Supplemental Fig. S7A,B). In addition, 
Pol II occupancy on selected genes and the corresponding 
mRNA level in the rad2A strain were similar to those of 
the wild- type strain (Fig. 5B,C ; Supplemental Fig. S7C). 
Similarly, no effect of rad2 deletion on Mediator or Pol II 
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Figure 4. Transcription dependency of Rad2 occupancy on Pol H-transcribed genes. (A) Quantitative ChIP analysis of Rad2 occupancy on the 
GAL1 gene before and after galactose induction. The HA-Rad2 tagged strain was grown in a raffinose-supplemented medium, and then galactose 
was added for 60 min. Quantitative ChIP experiments were performed with a -HA antibody against HA-Rad2. Mean values and standard 
deviation (indicated by error bars) of three independent experiments are shown. Immunoprecipitated fragments from ChIP experiments were 
amplified with primers corresponding to the GAL1 gene promoter (GAL1 P) or ORF {GAL1 O). AD HI ORF represents a constitutively expressed 
gene control. A nontranscribed region on chromosome V {IGV) was used as a negative control. [B] mRNA level of GAL1 and ADH1 genes before 
and after galactose induction. Yeast cells were grown in a raffinose-supplemented medium, and then galactose was added for 60 min. RNA 
levels for GAL1 and ADH1 genes were quantified by RT-qPCR and normalized to 25S rRNA, 18S rRNA, and SCR1 levels. Values are expressed 
in arbitrary units representing a percentage of the value in galactose-supplemented medium. Mean values and standard deviation (indicated by 
error bars) of three independent experiments are shown. (C,D,G) Effect of rpbl-1 mutation on Rad2, Pol H, and Pol HI occupancies on selected 
regions. Quantitative ChIP assays were performed using a-Rpbl antibody (Pol n) (C), a-Myc antibody against Rpcl60-Myc (Pol HI) (D), and a-HA 
antibody against HA-Rad2 (G). Cells were grown in selective SD medium complemented with amino acids at 25°C and then shifted for 90 min 
at 37°C. A GAL1 ORF and a nontranscribed region on chromosome V [IGV) were used as negative controls. [E,F] Effect of rpbl-1 mutation on 
RNA level of class II (£) or class HI (F) genes. Cells were grown in selective SD medium complemented with amino acids at 25°C and then 
shifted for 90 min at 37°C. RNA levels for selected genes were quantified by RT-qPCR and normalized to 25S rRNA, 18S rRNA, and SCR1 
levels. Values are expressed in arbitrary units representing a percentage of the value in the wild- type strain for the ADH1 gene (E) or RPR1 or 
tDNAMet genes [F). Mean values and standard deviation (indicated by error bars) of three independent experiments are shown. 
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Figure 5. Mediator and Pol II occupancies in the 
rad2 deletion strain on selected regions. (A,C) 
Quantitative ChIP analysis of Mediator and Pol II 
occupancies under standard growth conditions. 
rad2A and wild-type strains were grown in YPD 
medium at 30°C. Immunoprecipitations were 
performed using a-HA antibody against Med5- 
HA (Mediator) (A) and a-Rpbl antibody (Pol II) 
(C). (A) Immunoprecipitated fragments from Me- 
diator ChIP experiments were amplified with 
primers corresponding to selected class II gene 
promoters. (C) Immunoprecipitated fragments 
from Pol II ChIP experiments were amplified 
with primers corresponding to selected class II 
gene promoters (P) or ORFs (O). Mean values and 
standard deviation (indicated by error bars) of 
three independent experiments are shown. A 
GAL1 ORF was used as a negative control. [B] 
Effect of iad2A mutation on mRNA levels of 
class II genes. rad2A and wild-type strains were 
grown in YPD medium at 30°C. RNA levels for 
selected genes were quantified by RT-qPCR and 
normalized to 25 S rRNA, 18S rRNA, and SCR1 
levels. Values are expressed in arbitrary units 
representing a percentage of the value in the 
wild-type strain for ADH1 gene. Mean values 
and standard deviation (indicated by error bars) of 
three independent experiments are shown. [D,E) 
Quantitative ChIP analysis of Mediator and Pol II 
occupancies upon galactose induction. iad2A 
and wild-type strains were grown in a raffinose- 
supplemented medium, and then galactose was 
added for 60 min. Quantitative ChIP experi- 
ments were performed with a-HA antibody 
against Med5-HA (Mediator) (D) and a-Rpbl 
antibody (Pol II) (£). Mean values and standard 
deviation (indicated by error bars) of three in- 
dependent experiments are shown. Immunopre- 
cipitated fragments from ChIP experiments were 
amplified with primers corresponding to GAL1 
gene promoter [GAL1-P] or ORF [GALl-Ol and 
GAL1-02). A nontranscribed region on chromo- 
some V {IGV) was used as a negative control. 



occupancy on the GAL1 gene was observed in galactose- 
inducing medium (Fig. 5D,E). Previously, Lee et al. (2002) 
have stated that rad2 deletion slowed down the kinetics of 
galactose-inducible genes. To check this possibility, the Pol 
II recruitment to the GAL1 gene promoter and transcribed 
region and the GAL1 mRNA level were examined at 
different times after galactose induction by ChIP and 
quantitative RT-PCR (qRT-PCR) experiments. However, 
there was no difference between the rad2A mutant and the 
wild-type strain (Supplemental Fig. S8). 

To identify growth phenotypes of iad2 deletion strains 
and therefore a possible transcriptional role for Rad2, we 
tested different growth conditions in two backgrounds: 
BY4741 and YPH499. No growth difference between 
rad2A and wild-type strains was observed on YPD me- 
dium under different temperature conditions ( 16°C, 25 °C, 
30°C, or 37°C), on different carbon sources (YP medium 
supplemented with galactose, lactate, ethanol, or glycerol), 
and on drugs to test for multidrug resistance transcrip- 



tional response (cycloheximide and ketoconazole) or for 
NTP depletion conditions (6-azauracil and mycophenolic 
acid) (Supplemental Fig. S9; data not shown). The only 
phenotype of the rad2 deletion strains that we observed 
is a high UV sensitivity, as expected for a DNA repair 
protein. Taken together, our results strongly suggest that 
Rad2 does not play a major role in the transcriptional process 
in yeast, at least in the two backgrounds examined here. 

Physiological significance of Mediator-Rad2 
contact in DNA repair 

We could not identify a major implication of Rad2 in 
yeast Pol II transcription. This led to the hypothesis that 
Mediator might play a role in DNA repair via its in- 
teraction with the Rad2 protein. To investigate the 
functional relationship between Mediator and Rad2, we 
used our collection of 29 conditional mutants for the 
Medl7 essential Mediator subunit (Soutourina et al. 
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2011). The integrity of Mediator in medU mutants has 
been verified by co-IP experiments (Soutourina et al. 
2011). To directly address a possible role of Mediator in 
DNA repair, a UV sensitivity phenotype was systemati- 
cally investigated for medl 7 mutants. No UV sensitivity 
was found for medl 7 mutants in the context where both 
NER pathways, GGR and TCR, were functional (Supple- 
mental Fig. S10). Next, we used a GGR-deficient context 
(rad7A strains) to analyze specifically the potential im- 
plication of Medl 7 in the TCR pathway by UV sensitivity 
spot assays. Several Mediator mutants among our collec- 
tion of medl7-ts were UV-sensitive in a rad7A GGR- 
deficient context (Fig. 6A). To refine the UV sensitivity 
analysis, we determined UV survival curves for several 
medl7 mutants (three UV-sensitive medl7-140, medl7- 
233, and medl7-257 mutants and one UV-insensitive 
medl7-L546P mutant) alone or in combination with 
rad7A mutation (Fig. 6B). The UV dose response analysis 
further confirmed UV sensitivity spot assays and clearly 
indicated that the combination of rad7 deletion with 
several medl7 mutations leads to an increased UV 
sensitivity. An extremely UV-sensitive rad2 deletion 
mutant was also included for comparison. Interestingly, 
the UV sensitivity of medl7-ts rad7A mutants was 
comparable with that of the rad26A md7A double mutant 



deficient in both GGR (rad7A) and TCR (rad26A) NER 
pathways (Fig. 6B). Rad26 is the yeast homolog of the 
TCR-specific human CSB protein. In yeast, RAD26 de- 
letion does not lead to UV sensitivity but significantly 
increases the UV sensitivity of GGR-deficient mutants. 
Since medl7 mutants were UV-sensitive in a GGR-de- 
ficient context, we wondered whether these mutants 
could be epistatic with the TCR-deficient rad26 deletion 
mutant. No UV sensitivity increase was found for medl 7 
mutants in the rad26A context (Supplemental Fig. Sll), 
demonstrating that, indeed, medl 7 mutants are epistatic 
with the rad26A mutant. Taken together, these results 
are consistent with a specific implication of Mediator in 
the TCR pathway. Our results also indicated that the UV 
sensitivity of medl 7-ts mutants was not a consequence 
of a transcriptional effect, since this phenotype was 
observed only in a GGR-deficient context and not in a 
context where both NER pathways, GGR and TCR, were 
functional or in a TCR-deficient context. Three of the 
UV-sensitive medl 7-ts mutants were selected for further 
molecular study (medl7-257, medl7-140, and medl 7 - 
233) (the results on the two latter mutants are shown in 
Supplemental Fig. SI 2). Rad2 occupancy in these mutants 
was determined by ChIP experiments for selected Pol II- 
transcribed genes. Figure 7 A and Supplemental Figure 
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Figure 6. UV sensitivity of medl 7 mutants. (A) 
UV sensitivity of medl7 mutants in a GGR- 
deficient iad7A context by spot assays. Cells 
were serially diluted, spotted on YPD agar plates, 
treated or not with the indicated doses of UV 
(UV Stratalinker 1800), and incubated for 3 d at 
30°C. Red asterisks mark selected UV-sensitive 
medl7 mutants, and a green asterisk marks 
a selected UV-insensitive medl7 mutant. [B] 
UV survival curves of medl7 and rad26A mu- 
tants alone and in a GGR-deficient iad7A con- 
text. Cells were grown in YPD medium to a mid- 
exponential phase, diluted, plated on YPD agar, 
and irradiated with the different doses of UV (UV 
Stratalinker 1800). Plates were incubated for 3 d 
at 30°C in the dark before colonies were counted 
and survival was calculated. Mean values and 
standard deviation (indicated by error bars) of at 
least three independent experiments are shown. 
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Figure 7. Effects of medl 7 mutants on Rad2, Pol II, and Mediator occupancies and on Rad2-Mediator interaction. (A-C) Quantitative 
ChIP analysis of Rad2, Pol II, and Mediator occupancies on selected regions. ChIP assays were performed using a-HA antibody against 
HA-Rad2 (A), a-Rpbl antibody (Pol II) (B), and a-HA antibody against Med5-HA (Mediator) (C). Cells were grown in YPD medium at 
30°C and then shifted for 45 min at 37°C. Immunoprecipitated fragments from ChIP experiments were amplified with primers 
corresponding to selected class II gene promoters (P) or ORFs (O), a selected class III gene, and a telomeric region. Mean values and 
standard deviation (indicated by error bars) of three independent experiments are shown. A GAL1 ORF and a nontranscribed region on 
chromosome V (IGV) were used as negative controls. (D) Co-IP of Mediator and Rad2. Mediator was immunoprecipitated through 
a Med5-Myc subunit with a a-Myc antibody from crude extracts (Input; light panel) and analyzed by Western blotting with a-HA 
antibody (co-IP) against Rad2 (left panel). (IgG) Control immunoprecipitation with IgG magnetic beads only. 



S12A show a significant decrease in Rad2 association in 
UV-sensitive Mediator mutants compared with the wild- 
type strain and medl7-L546P mutant, one of the UV- 
insensitive medl 7-ts mutants. Rad2 occupancy to a class 
III gene and a telomeric region was not affected in these 
mutants. All tested medl 7 mutations, including medl 7- 
L546P, which is UV-insensitive, led to a marked decrease 
in Pol II association with Pol II-transcribed genes but did 
not modify the Mediator association to corresponding 
gene promoters (Fig. 7B,C ; Supplemental Fig. S12B,C). A 



decrease in Pol II occupancy was not responsible for Rad2 
occupancy defects of UV-sensitive mutants (medl7-257, 
medl 7-140, and medl 7-233) or their UV sensitivity, since 
a reduction of Pol II occupancy in the medl7-L546P 
mutant, similar to that of the UV-sensitive medl7-ts 
mutants, was not accompanied by Rad2 occupancy de- 
crease and UV sensitivity. To determine the effects of 
medl 7-ts mutations on Mediator contact with the Rad2 
protein, we performed co-IP experiments and showed that 
Mediator-Rad2 interaction was reduced in UV-sensitive 
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mutants medl7-257, medl7-140 , and medl7-233 com- 
pared with the wild-type strain and the medl 7-L546P UV- 
insensitive mutant (Fig. 7D ; Supplemental Fig. S12D). 
These results indicated that Mediator is involved in Rad2 
recruitment and therefore suggest that it is involved in 
DNA repair. 

Discussion 

Substantial evidence has been obtained on the essential 
function of the Mediator complex in transcription acti- 
vation. However, our experiments indicate that this 
complex plays an important role in linking transcription 
with other nuclear processes. In this study, we identified 
a functionally important contact between the Medl 7 
Mediator subunit and the Rad2 DNA repair protein, the 
S. cerevisiae homolog of human XPG. Mediator might 
play a role in DNA repair by loading Rad2/XPG to active 
genes, or Rad2/XPG could be implicated in transcription, 
influencing PIC assembly or stability on several gene 
promoters or both. Our results suggest that Mediator is 
involved in DNA repair through a functional link with 
the Rad2/XPG protein. (1) The essential Medl 7 Mediator 
subunit interacts with Rad2/XPG DNA repair protein. (2) 
We showed that Rad2 is located on Pol II-transcribed 
genes (promoter and transcribed regions) in the absence of 
exogenous genotoxic stress. (3) Genome-wide Rad2 occu- 
pancy of class II gene promoters is well correlated with 
that of Mediator. (4) Moreover, Rad2 distribution on these 
regions overlapped with that of Mediator but not of 
TFIIH, further highlighting a functional cooperation 
between Mediator and Rad2/XPG. It should be noted that 
Mediator and Rad2 ChlP-seq peaks on class II gene pro- 
moters are generally located on the upstream regulating 
regions, whereas TFIIH and other GTFs peaks are located 
on core promoter regions close to transcription start sites. 
(5) Rad2 occupancy of Pol II-transcribed genes is tran- 
scription-dependent, since rpbl-1 Pol II mutation reduces 
Rad2 occupancy after a shift to nonpermissive tempera- 
ture when transcription is rapidly inhibited, and since 
Rad2 is recruited to GAL1 gene upon galactose induction 
of this gene. (6) However, no growth phenotypes (except 
UV sensitivity) or transcriptional effects were observed in 
the rad2A context, suggesting that Rad2 does not play 
a major role in the transcriptional process in yeast, at 
least in our two backgrounds. (7) On the contrary, 
Mediator medl 7-ts mutants are UV-sensitive in a GGR- 
deficient background (rad7A) and are epistatic with 
a TCR-deficient mutant (rad26A). (8) This UV sensitivity 
of several medl7 mutants is correlated with reduced 
Rad2 occupancy of class II genes and concomitant de- 
crease of interaction with Rad2 protein. 

We suggest that the contact between Medl 7 and Rad2 
is direct, since our two-hybrid screening permitted us to 
reveal only specific interactions between different sub- 
units within the Mediator complex (Guglielmi et al. 
2004) that were further confirmed as direct by structural 
analysis (for example, Lariviere et al. 2012; Robinson et al. 
2012). Moreover, we demonstrated that several mutations 
in the Medl 7 Mediator subunit resulted in a decreased 



interaction between Mediator and Rad2, an observation in 
favor of a direct Mediator-Rad2 contact. 

Therefore, Mediator is likely to facilitate Rad2 recruit- 
ment to transcribed genes, setting the stage for rapid 
DNA lesion removal. We propose that Mediator could 
function in transcription-coupled DNA repair, revealing 
a previously unknown role of the Mediator complex as 
a link between transcription and DNA repair. Whether 
Rad2/XPG is the only NER factor that is recruited 
through an interaction with Mediator or assembles with 
other NER factors to remove lesions on transcribed genes 
remains to be addressed. Further investigations will de- 
termine whether Mediator is engaged in functional in- 
terplay with other NER factors. 

In the light of Mediator and Rad2/XPG conservation 
from yeast to humans, the molecular events governing 
the Mediator link with DNA repair are likely to exist in 
all eukaryotes. In support of this idea, we observed the 
Mediator-XPG contact by co-IP experiments with crude 
extracts from HeLa cells (data not shown). The conserva- 
tion of Mediator connection to DNA repair might give 
insights into our understanding of human diseases like 
XP/CS. 

Interestingly, both Mediator and Rad2/XPG interact 
with Pol II, the main component of transcription ma- 
chinery and the first complex in TCR that recognizes the 
DNA damage. The mechanisms of functional orchestra- 
tion of these contacts remain to be investigated. Our 
genome-wide analyses show that Mediator and Rad2 co- 
occupy class II gene promoter regions and, moreover, that 
a high correlation is observed between the two profiles on 
promoter regions. Rad2 is also bound to Pol II-transcribed 
regions that are occupied by Pol II. However, a correlation 
between Rad2 and Pol II on these regions was modest, 
suggesting a complex relationship between Rad2 and Pol 
II. At this stage, we propose that Mediator facilitates Rad2 
recruitment on class II genes promoters. While we do not 
know what the precise mechanisms of Rad2 loading on 
ORFs are, our results suggest that they could entail both 
the loading of Rad2 on Pol II and another independent 
mechanism. A modest genome-wide correlation between 
Rad2 and Pol II contrasts with the good genome-wide 
correlation between TFIIS and Pol II or Pol III occupancies 
on Pol II- or Pol Ill-transcribed genes, respectively (Ghavi- 
Helm et al. 2008). These observations suggested that 
TFIIS associates at the 5' end of genes and accompanies 
Pol II and Pol III but cannot be loaded on traveling 
enzymes. It should be noted that one of the medl7 
mutants used in this study (medl7-257) that showed 
a UV-sensitive phenotype was lethal in combination with 
the rpb3-2 Pol II mutation (Soutourina et al. 2011) and 
was affected in Pol II-Mediator interaction (data not 
shown). However, other medl7 mutations with UV- 
sensitive phenotypes did not lead to rpb3-2 colethality 
phenotypes. Our results showed that Pol II occupancy 
was reduced in UV-sensitive and -insensitive medl7 
mutants. Thus, the lower occupancy of Pol II cannot 
explain the UV sensitivity of the medl 7 mutants that are 
defective in Rad2 interaction. We also showed that the 
UV sensitivity of medl 7 mutants was not a consequence 
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of a transcriptional defect, since this phenotype was 
observed only in a GGR-deficient context and not in a 
context where both NER pathways were functional or a 
TCR-deficient context. Taken together, our results sug- 
gest that UV sensitivity of Mediator mutants was not an 
indirect consequence of their transcriptional defects. 

A transcriptional role for the NER factor Rad2/XPG 
was first proposed in the yeast S. cerevisiae (Lee et al. 
2002). Rad2 was suggested to promote efficient Pol II 
transcription. However, we did not observe the mild 
growth pheno types of rad2 deletion strains or slower 
galactose induction kinetics in the absence of the RAD2 
gene reported by Lee et al. (2002). Moreover, we did not 
find any genetic interaction between rad2A and iad26A. 
Rad26 is the yeast homolog of the TCR-specific human 
CSB protein. This result might be due to the different 
genetic backgrounds used by us and Lee et al. (2002). In 
spite of our considerable efforts, we did not obtain any 
evidence for a direct implication of Rad2 in transcription. 
In human cells, it has been demonstrated that mutations 
in XPG prevent its association with TFIIH, resulting in 
the dissociation of CAK and XPD/Rad3 from the core 
TFIIH and in impaired transactivation (Ito et al. 2007). 
Recently, XPG and other NER factors were shown to be 
associated with the promoters and distal regions of 
several NR-dependent genes in the absence of any exoge- 
nous genotoxic stress (Le May et al. 2010). The presence 
of these repair proteins at the promoters of activated 
genes is sensitive to transcription inhibitors and neces- 
sary for optimal DNA demethylation and histone post- 
translational modifications (H3K4/H3K9 methylation 
and H3K9/14 acetylation) and thus for efficient transcrip- 
tion. Deficiencies in some NER factors impede the re- 
cruitment of others and affect NR transactivation. Re- 
cently, XPG and XPF endonucleases were found to be 
involved in chromatin looping between the promoter and 
the terminator of the activated RAR(B2 human gene (Le 
May et al. 2012). It should be noted that NRs do not exist 
in S. cerevisiae, which moreover has no DNA methyla- 
tion system. It remains to be determined whether XPG 
and other NER factors are generally important for tran- 
scription activation in mammalian cells or whether their 
action is limited to specific pathways such as NR-mediated 
transcription. 

We showed that in addition to Pol II-transcribed genes, 
Rad2 is also located on Pol Ill-transcribed genes and 
telomeric regions in the absence of exogenous genotoxic 
stress, indicating a complex Rad2 distribution on the 
yeast genome and opening interesting perspectives of 
possible novel Rad2 functions. Recently, a role of Mediator 
on telomeres was proposed, since this complex influences 
telomeric silencing, cellular life span, and telomere het- 
erochromatin maintenance (Zhu et al. 2011; Peng and 
Zhou 2012). In yeast, Mediator is bound to the telomeric 
regions. Our results revealed that Rad2 is also enriched in 
these regions. The colocalization of Mediator and Rad2 on 
telomeres raises the possibility that Mediator function on 
the telomeres could be related to Rad2. 

In conclusion, our results suggest an intriguing model 
that Mediator might play more roles in nuclear processes 



than previously assumed by serving as an assembly 
platform or a regulatory element linking transcription 
with DNA repair and possibly other chromatin-related 
processes. 

Materials and methods 

Strains and plasmids 

All S. cerevisiae strains are described in Supplemental Table SI. 
All plasmids are listed in Supplemental Table S2. The oligonu- 
cleotides used in this study can be found in Supplemental 
Table S3. 

ChIP, ChlP-chip, and ChlP-seq 

ChIP and ChlP-chip experiments were performed as described 
(Ghavi-Helm et al. 2008). In ChIP experiments, we considered 
a significant enrichment compared with negative controls or 
a significant difference between ChIP occupancies when P- value 
was <0.05 in a Student's t-test. Chromatin preparation for ChlP- 
seq experiments was performed as described for conventional 
ChIP, except that an additional sonication step with Bioruptor 
(Diagenode; six cycles of 30 sec with medium intensity setting) 
was included to generate DNA fragments of ~200-bp mean size. 
DNA sequencing of 40-nucleotide (nt) tags was performed on 
Solexa genome analyzer GA-IIx using the procedures recom- 
mended by the manufacturer (Illumina). Input DNA and DNA 
from ChIP with an untagged strain were used as negative 
controls. The ChlP-chip and ChlP-seq data have been deposited 
to the Array Express under accession numbers E-MEXP-3875 and 
E-MTAB-1595. 

Co-IP experiments 

Whole-yeast extract preparation and immunoprecipitation in 
immunoprecipitation buffer (50 mM HEPES at pH 7.5, 100 mM 
NaCl, 20% glycerol, 1 mM dithiothreitol, 0.5 mM EDTA, 0.05% 
NP-40) supplemented with a protease inhibitor cocktail (Com- 
plete, Roche) and 1 mM PMSF and Western blotting were 
performed as described previously (Soutourina et al. 2006). The 
12CA5 anti-HA and 9E10 anti-Myc antibodies were used against 
HA- or Myc-tagged proteins, and the 8WG16 anti-Rpbl antibody 
was used against Pol II. 

qRT-PCR analysis 

RNA was extracted with hot acidic phenol following a protocol 
derived from Schmitt et al. (1990). Reverse transcription of 0.5- 
(jug RNA samples was performed using iScript cDNA synthesis 
kit (Bio-Rad) with a mix of oligo(dT) and random hexamers for 
priming. qPCR results were normalized using 25 S rRNA, 18 S 
rRNA, and SCR1 RNA as internal controls. Values represent the 
average of three independent experiments, and error bars in- 
dicate standard deviations. 



Data analysis 

ChlP-seq data were analyzed using the following bioinformatics 
tools. The sequences were aligned on S. cerevisiae genome 
(University of California at Santa Cruz [UCSC] version sacCer3) 
with Bowtie version 0.12.7 (Langmead et al. 2009). Conversions 
to different file formats were performed using Samtools version 
0.1.16. Only uniquely mapped tags were used, and a maximum of 
two mismatches was allowed. To avoid possible sequencing 
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artifacts, reads beyond five repetitions at the same position of the 
genome were removed, and reads with the best-quality scores 
were conserved for each position. The number of mappable tags 
for each ChlP-seq experiment is indicated in Supplemental Table 
S4. To calculate ChlP-seq density, reads were extended to an 
assumed fragment length of 180 nt, and a count of reads was 
determined per 1-bp bin using Bedtools version 2.15.0. ChlP-seq 
density profiles were displayed using UCSC or IGB yeast genome 
browsers. 

We used input DNA and DNA from ChIP with untagged strain 
as negative controls. The ChIP sample from the untagged strain 
generally shows very low tag density on the genome, except 
some regions representing <1% of the genome that display an 
apparent enrichment in this negative control. It should be noted 
that the majority of these regions were located inside the highly 
transcribed class II genes. To correct for this nonrandom back- 
ground distribution, we subtracted the normalized signal of 
untagged strain sample from the ChIP samples for each protein. 
The ChIP signals of untagged strain have different impacts on the 
ChIP signals for different proteins. For this reason, the sub- 
traction step was preceded by a normalization of the ChIP signal 
of an untagged strain compared with the corresponding ChIP 
sample based on the qPCR analyses of nontranscribed control 
regions. 

The significantly enriched regions were identified using peak 
calling MACS2 software version 2.0.10.20120703 (Zhang et al. 
2008) with a minimum false discovery rate (g- value) cutoff of 0.01 
for peak detection followed by PeakSplitter step of PeakAnalyzer 
software for subdivision of ChlP-seq regions into discrete peaks 
(Salmon-Divon et al. 2010). Significantly enriched Rad2 peaks 
were annotated on the yeast genome using ChlPpeakAnno R 
script from the Bioconductor project (Zhu et al. 2010). To identify 
the Rad2 enrichment signals inside protein-coding genes, Rad2 
mean densities were computed for each ORF and compared with 
mean densities of two negative controls: the untagged strain 
sample, normalized as described above, and the input DNA sam- 
ple, normalized using NCIS R script version 1.0.1 (Liang and 
Keles 2012). We required that enriched ORFs have the mean 
density in Rad2 sample higher than that in the untagged strain 
control plus two standard deviations and, at the same time, in the 
input DNA control plus two standard deviations. 
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